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The detection of anomalous time averaged geomagnetic behaviour is crucial for understanding past 
magnetospheric shielding and inferring deep Earth evolution. Links have been suggested between 
geomagnetic ﬁeld variation over timescales of tens to hundreds of millions of years and processes 
near the core–mantle boundary (CMB); however, this becomes diﬃcult to establish prior to the Permo-
Carboniferous Reversed Superchron (PCRS; 267–319 Ma) due to a lack of reliable data. To improve the 
record prior to the PCRS, we present multi-method produced paleointensity results from nines dykes and 
lava ﬂows from the Viluy Traps, Siberia, emplaced during the Upper Devonian between 376.7 ± 1.7 Ma 
and 364.4 ± 1.7 Ma. These sites have previously been published as part of two paleodirectional studies, 
one of which produced the accepted 360 Ma pole for Siberia (Q factor 6). All of the sites produced very 
weak ﬁeld values ranging from 4.3–14.9 ZAm2, in close agreement with other recent results from Mid-
Lower Devonian Siberian samples. Q P I criteria have been used to illustrate the reliability of these new, 
low paleointensities, conﬁrming the period of weak ﬁeld suggested by other recent Siberian work, and the 
period of implied increased incidence of solar wind radiation, extended into the Upper Devonian. Along 
with evidence for moderate-high reversal frequencies and a potentially signiﬁcant multipolar component 
during the Devonian, these weak ﬁeld values also suggest a signiﬁcantly different pattern of heat ﬂow 
across the CMB relative to more recent times.
© 2018 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license 
(http://creativecommons.org/licenses/by/4.0/).1. Introduction
The Earth’s magnetic ﬁeld is known to vary over timescales 
of tens to hundreds of millions of years, with potentially regular 
patterns in the variation of reversal frequency and ﬁeld strength 
(Biggin et al., 2012). Three Superchrons have been identiﬁed dur-
ing the Phanerozoic, with a periodicity of ∼180 Myr (Pavlov and 
Gallet, 2005). It has been suggested that there is a relatively sharp 
transition going from higher than average reversal frequencies 
into these Superchrons; there is a peak in reversal frequency in 
the Jurassic, preceding the Cretaceous Normal Superchron (CNS), 
and there appears to be similarly high reversal rates during the 
Mid-Cambrian (Pavlov and Gallet, 2001), not long before the Or-
dovician Reversed Superchron (ORS). Reversal frequency and ﬁeld 
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0012-821X/© 2018 The Authors. Published by Elsevier B.V. This is an open access articlestrength may also be inversely coupled, with lower than aver-
age ﬁeld strengths observed during the Jurassic peak reversal fre-
quency while the CNS appears to have the highest ﬁeld strength 
values of the Phanerozoic (Tauxe and Staudigel, 2004). However, 
the quality of the data during this time is not good enough to con-
ﬁrm this (Ingham et al., 2014).
All of these variations in ﬁeld behaviour may be due to whole 
mantle convection mediating heat ﬂow across the CMB, which in 
turn affects convection in the outer core. As well as ﬁtting with 
the timescales over which these patterns of variation occur, this 
idea is supported by models showing that increased convection, 
above a critical value, increases reversal frequency and is cou-
pled with a decrease in the dipole moment and a decrease in the 
dipolarity of the ﬁeld (Olson, 2007). This class of models has also 
been used to directly show that increases in the total heat ﬂow 
or changing the pattern of heat ﬂow across the CMB results in in-
creasing reversal frequency (Olson and Amit, 2014). Based on these 
relationships, paleomagnetism has the potential to provide an in- under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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the deep mantle.
To conﬁrm these patterns and their link to CMB heat ﬂux, more 
reliable data are needed, especially preceding the PCRS. The geo-
magnetic ﬁeld during this period, the Mid-Devonian to Early Car-
boniferous, is generally poorly understood due to the paucity of 
reliable data, including paleomagnetic poles (Torsvik et al., 2012), 
magnetostratigraphy (GPTS2016; Ogg et al., 2016) and paleointen-
sity data (PINT15; Biggin et al., 2009). Recent work has tried to 
address this lack of data, including a magnetostratigraphic study 
by Hansma et al. (2015) on the Frasnian–Famenian of the Can-
ning Basin. They reported a reversal frequency for this period of 
∼2–5 Myr−1 based on the Oscar Range stratigraphy, similar to 
Palaeogene levels, which while lower than the peak in the Juras-
sic, would still be moderate to high compared to the rest of the 
Phanerozoic. This may also be an underestimate of the reversal 
frequency as there were reported sections with multiple neigh-
bouring, single sample “chrons”, which are not included in the 
calculated reversal frequency. While these could be excursions or 
possibly examples of onset delayed magnetisation, they may be 
periods of rapid reversals that are not fully captured because the 
sampling rate of one sample per 0.5–1 m is too low to capture the 
full number of reversals.
Recent work has also focused on improving the paleointensity 
record; there are only seven studies for the Devonian currently 
in the PINT15 database (Biggin et al., 2009) and the World Pale-
ointensity Database (wwwbrk.adm .yar.ru /palmag /database _e .html). 
All of these studies reported low ﬁeld values but, largely due to 
the age of these studies, they fall short of modern reliability crite-
ria. Recent work on dykes and lava ﬂows from the Minusa Basin, 
Siberia and the Kola Peninsula, support a weak ﬁeld during the 
Lower–Middle Devonian (Shcherbakova et al., 2017). The ﬁve char-
acteristic remanent magnetisation (ChRM) observed for the Minusa 
Basin samples, other than the expected ‘N’ and ‘S’ components, 
appear to be of primary Devonian age and suggest a signiﬁcant 
multipolar component to the ﬁeld during this time, ﬁtting with 
ﬁeld strength and dipolar contribution being coupled. Further work 
is needed, especially from the Upper Devonian, to a) explore if the 
palaeointensity and reversal frequency are coupled and b) to pro-
vide further evidence that the Devonian is similar to the Jurassic 
and incorporates a sharp transition in ﬁeld behaviour preceding 
the PCRS, as observed during the late Jurassic–early Cretaceous be-
fore the CNS.
This study presents new, high quality paleointensities from 
Microwave Thellier-type, Thermal Thellier and Wilson techniques 
from the Upper Devonian Viluy Traps. These results are discussed 
in terms of their implications for Phanerozoic geomagnetic ﬁeld 
variation and deep mantle evolution.
2. Geological background
The Viluy Traps is a Large Igneous Province (LIP), formed in as-
sociation with the Viluy paleorift; the south-western branch of a 
‘triple junction’ rift system that formed along the eastern margin 
of the Siberian Craton (Kravchinsky et al., 2002; Fig. 1). The as-
sociated magmatism comprises basalt ﬂows within the rift basins, 
several NE-SW trending dyke swarms concentrated along the mar-
gins of the paleorift, associated sills towards the basin centre, 
kimberlites and alkaline ultrabasic rocks with carbonatites (Kiselev 
et al., 2012; Masaitis et al., 1975). The traps are known to be 
Late Devonian–Early Carboniferous in age from observed geological 
relationships; the dykes cut Middle to Late Devonian sediments, 
some are eroded and covered by Early Carboniferous sediments 
and clasts of trap materials are found in Early Carboniferous con-
glomerates (Kravchinsky et al., 2002). The initial age dating of the 
traps did not provide better constraints on their emplacement age as the majority of K–Ar age dates clustered between 340–380 Ma, 
with a scatter ranging from 450 to 320 Ma (Shpount and Oleinikov, 
1987). More recent K–Ar and 40Ar/39Ar results from Courtillot et al.
(2010) suggest that the emplacement of the traps occurred around 
the time of the extinction at the Frasnian–Famenian boundary 
(372.2 ± 1.6 Ma). Further work by Ricci et al. (2013) shows that 
the traps were probably emplaced in two stages; the ﬁrst around 
the time of the extinction at 376.7 ± 1.7 Ma and then a second 
emplacement at 364.4 ± 1.7 Ma.
The samples used for paleointensity in this study were collected 
during two separate expeditions, as orientated blocks from expo-
sures along the Viluy and Markha Rivers. Kravchinsky et al. (2002)
published the paleodirections (Fig. 2) from the ﬁrst expedition in-
cluding dyke and sill samples from four sites from Markha River 
(sites M2, M4, M5, and M6) and three sites from Viluy River (V6-8), 
along with those from four kimberlite pipes of the Alakit–Markha 
region. The average direction from these sites (Ds = 319.1◦ , Is =
−49.3◦ , k = 31.5, α95 = 8.3◦) was used to determine a pole po-
sition for the Siberian platform at ∼360 Ma, based on the age 
constraints available at the time. This pole is considered to be of 
high quality, with a Q factor of 6 (Torsvik et al., 2012) and several 
lines of evidence to suggest the directions from these sites are pri-
mary; the similarity between directions coming from different rock 
types (e.g. basalts and kimberlites), the sites being geographically 
disparate and the inclusion of a reversal.
The paleodirections from the second expedition were published 
by Orlov and Shatsillo (2011; Fig. 2); the sampling also took place 
along the Viluy River, from basalts from the upper part of the 
Emyaksinsk Formation, which are generally considered to be vol-
canic ﬂows (Masaitis et al., 1975). These 12 sites (the VL sites) give 
paleodirections that are well clustered, with a reversed site in the 
sequence, giving an average direction of Ds = 191.6◦ , Is = 69.6◦
(k = 80.4, α95 = 4.9◦). While the majority of these paleodirections 
have the opposite polarity to those published by Kravchinsky et 
al. (2002), the two sets of directions do not pass a reversal test 
(Angle = 31.94◦ , Critical angle = 9.51◦; Koymans et al., 2016;
McFadden and McElhinny, 1990). They also plot closely to unpub-
lished directions from sites (V1, 2 and 5) that were considered 
outliers in the study by Kravchinsky et al. (2002) because they 
were not antipodal to the majority of the directions.
There are several benign possibilities for why the paleodirec-
tions from these two studies are not antipodal; a time difference 
between the normal and reversed directions allowing for apparent 
polar wander (APW), unusual geomagnetic ﬁeld behaviour, possi-
bly from increased, long-lived non-dipole features, or the effects 
of palaeosecular averaging. The most recent age dating (Ricci et 
al., 2013) suggests that the traps were emplaced in two stages, 
∼12 Myr apart, which could allow for APW, however there is no 
evidence to suggest any of the Viluy sites come from the earlier 
stage; The Vil sites and some of the V sites (V1, V2, V5 and V6) all 
come from the Appainsk and Emyaksinsk Formations, which have 
been dated to the second emplacement (from Vil 6 and Vil 13) 
but the other sites (V7 and 8) are not as well constrained and 
could have been emplaced earlier. There is the suggestion of a 
long-lived low intensity, multipolar magnetic ﬁeld during the De-
vonian from Shcherbakova et al. (2017), however there is not the 
same strength of evidence for this from the Viluy sites. It has been 
noted, based on the high k for the upper part of the Emyaksinsk 
Formation, that the succession of lavas may have been emplaced 
coevally, although this is not supported by the reversed site in the 
succession. If this is the case, the Emyaksinsk Formation probably 
covers much less palaeosecular variation then the sites used for 
the 360 Ma pole (Kravchinsky et al., 2002). There is some support 
for this as the Vil sites do pass a reversal test at classiﬁcation level 
C when compared to just the published and unpublished V sites 
136 L.M.A. Hawkins et al. / Earth and Planetary Science Letters 506 (2019) 134–145Fig. 1. a) Simpliﬁed geological map of the northeastern part of the Siberian platform from Kravchinsky et al. (2002); box shows the close up area shown on map 1b and b) 
Location of all of the sites used for palaeointensity from the two expeditions (Kravchinsky et al., 2002; Orlov and Shatsillo, 2011); sites that passed for paleointensity are 
shown in green, sites that failed are in red. (For interpretation of the colours in the ﬁgure(s), the reader is referred to the web version of this article.)Fig. 2. Includes all the published VGP’s from the Late Devonian–Early Carboniferous 
basalt ﬂows and dykes from the Viluy and Markha river traps, as well as kimberlite 
pipes of the Alakit–Markha region considered to be of a similar age, used to produce 
the 360 Ma pole (black; Kravchinsky et al., 2002), three unpublished VGP’s from the 
same study, originally considered to be outliers (brown; Kravchinsky et al., 2002) 
and the VGP’s from the basalt ﬂows of the Emyaksinskaya Formation (blue; Orlov 
and Shatsillo, 2011).
(Angle = 16.01◦ , Critical angle = 19.84◦; Koymans et al., 2016;
McFadden and McElhinny, 1990).3. Magnetic mineralogy
Rock magnetic experiments were performed on at least one 
representative specimen from each site and, in conjunction with 
Scanning Electron Microscope (SEM) analysis, used to determine 
their magnetic mineralogy and suitability for palaeointensity ex-
periments. The rock magnetic experiments were performed on 
crushed samples in air, using the Magnetic Measurements Vari-
able Field Translation Balance (MMVFTB) at the University of Liv-
erpool, to measure IRM, magnetic hysteresis properties and sat-
uration magnetisation dependence on temperature. SEM analysis 
included Backscattered electron (BSE) imaging and energy disper-
sive X-ray (EDX) spectroscopy, performed on the carbon coated 
polished thin sections using a Zeiss EVO LS15 EP-SEM, operating 
at an acceleration voltage of 20 kV, at the Scanning Electron Mi-
croscope Laboratory of the University of Alberta. The combined 
analysis shows that samples with acceptable palaeointensity re-
sults can be divided into 3 magnetic mineralogy types, with some 
sites represented by more than one type (see Table 1).
Samples with type 1 magnetic mineralogy represent 37% of the 
samples that gave acceptable palaeointensity results. They display 
a single Curie temperature of ∼580 ◦C and highly reversible satu-
ration magnetisation curves upon heating and cooling up to 600 ◦C 
(Fig. 3a, b). This indicates that the samples are dominated by mag-
netite, with little to no titanium, and that the magnetic minerals in 
the samples are not altering during heating until above the Curie 
temperature. BSE imaging and EDX spectroscopy show that these 
samples contain bright, subhedral, titanium–iron oxides grains, up 
to ∼60 μm in diameter, which are separated into two phases as 
multiple subsets of lamellae (Fig. 3c, d). These lamellae are charac-
teristic of titanomagnetite that have undergone deuteric oxidation 
to form very low Ti titanomagnetite and ilmenite (Dunlop and 
L.M.A. Hawkins et al. / Earth and Planetary Science Letters 506 (2019) 134–145 137Fig. 3. Examples of saturation magnetisation with temperature curves, BSE images and EDX spectra for the 3 magnetic mineralogy types that pass selection criteria; a–d) 
Type 1, e–i) Type 2a and j–m) Type 2b. For the saturation curves, the ﬁrst two columns, temperature steps of 100 ◦C between 350–650 ◦C were used for all of the experiments 
apart from a, which shows a single heating and cooling experiment to 700 ◦C. Black curves represent the heating steps, grey curves the cooling steps. For the SEM images, 
the third column, mineralogical abbreviations are: Mag, Magnetite; Ilm, Ilmenite; Ti-Magh, Titanomaghemite; Magh, Maghemite. The fourth column, the EDX spectra, shows 
the relative abundance of the iron oxide elements; O, Oxygen; Ti, Titanium; Fe, Iron.Özdemir, 1997). On the Day plot (Fig. 4), the type 1 samples plot 
within the PSD region, largely around 50–60% on the SD–MD mix-
ing line.
Samples with type 2 mineralogy represent 63% of the samples 
that gave acceptable palaeointensity results. All of the saturation 
magnetisation curves are irreversible from ∼350 ◦C, indicating al-
teration occurs across all temperatures above this, however the 
samples can be divided into two sub-types. Type 2a samples 
give Curie temperatures between 580–650 ◦C (Fig. 3e, f), suggest-
ing a mixture of magnetite, maghemite and possibly hematite 
(Dunlop and Özdemir, 1997), and the alteration from ∼350 ◦C 
ﬁts within the range of temperatures over which maghemite 
breaks down into hematite. Maghemite grains are apparently too 
ﬁne to be observed directly using the SEM, however BSE images 
of magnetite–ilmenite lamellae (Fig. 3g) show signs of cracking 
which is commonly associated to the volume reduction associ-
ated with maghematisation (Dunlop and Özdemir, 1997). Hematite 
is also likely to be too ﬁne to observe directly so it is diﬃ-
cult to distinguish if it is present originally or created by the 
transformation of the maghemite when heated. Type 2a sam-
ples plot further towards the SD region of the Day Plot then 
type 1, probably due to the SD maghemite/hematite present 
(Fig. 4).Type 2b samples appear to contain two magnetic phases, one 
with a Curie temperature of 320–330 ◦C and the other between 
520–580 ◦C (Fig. 3j, k). The higher Curie temperature is consistent 
with a very low-Ti titanomagnetite, while the lower Curie tem-
perature would be consistent with a Ti-rich titano-magnetite. BSE 
imaging reveals bright, subhedral grains, up to ∼170 μm in diam-
eter, containing sparse lamellae (Fig. 3l). These suggest that there 
was originally some degree of exsolution, producing ilmenite, but 
the basalt likely cooled too fast or in insuﬃciently oxidising con-
ditions, to allow the two phases to exsolve fully. Some of the irre-
versibility of the saturation magnetisation curves could be due to 
oxyexsolution of the titanomagnetite upon heating but these sam-
ples also appear to have been maghematised to titanomaghemite 
(the irregular, wavy structures on the titanomagnetite grains in 
Fig. 3l are an indication of shrinkage cracks). The type 2b samples 
also plot within the PSD region on the Day plot, between ∼70–90% 
on the SD–MD mixing line (Fig. 4). The low degree of exsolution 
may explain the larger effective grain sizes of the type 2b samples 
than the type 1 samples. Palaeointensity estimates that passed our 
strict selection criteria have been retained despite having Type 2 
mineralogy on the basis of them displaying minimal alteration of 
the remanence carriers as indicated by pTRM checks and their re-
liability in discussed sections 5.1 and 5.2.
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successful paleointensity determinations. Points are coded depending on their mag-
netic mineralogy type. Abbreviations are: Mrs, saturation remanence; Ms, saturation 
magnetization; Hc, coercivity; Hcr, coercivity of remanence; SD, single-domain; PSD, 
pseudosingle-domain; MD, multidomain. Includes the SD–MD mixture models for 
pure magnetite.
4. Paleointensity
4.1. Experimental technique
Four different palaeointensity methods were successfully used 
for determining palaeointensity; Microwave IZZI and perpendicu-
lar protocols, Thermal Thellier–Coe and Wilson. The bulk of the 
measurements were made on 5 mm, cylindrical samples, in air, 
using the 14 GHz microwave palaeointensity system with low-
temperature SQUID magnetometer (Hill and Shaw, 1999) at the 
University of Liverpool, which has been demonstrated to give 
equivalent results to Thermal Thellier-style experiments (Biggin et 
al., 2007b). Almost all of the successful paleointensity determi-
nations came from using the IZZI protocol (Tauxe and Staudigel, 
2004); the samples are treated using Microwave energy in zero 
ﬁeld and then in-ﬁeld, before repeating these steps reversed at a 
higher power, with pTRM-checks made at each alternate power-
time step. The experiment is conducted on individual specimens so 
the laboratory ﬁeld could be varied each time to better ﬁt the esti-
mated paleointensity; in-ﬁeld values ranged from 2–25 μT. In each 
case, the ﬁeld was applied in a direction between 45 and 135◦
away from the ChRM such that a compromise was achieved be-
tween minimising any non-ideal behaviour arising from multido-
main effects while also being able to detect its presence (Yu and 
Tauxe, 2005). The perpendicular protocol, without pTRM checks 
and tail checks, was also used (Hill and Shaw, 2007) but only gave 
one successful palaeointensity estimate.
Experiments on 1 cm cube specimens, using the Thellier–Coe 
method (Coe, 1967), were all undertaken at the University of Al-
berta (UofA) and the Geophysical Observatory ‘Borok’ of the Rus-
sian Academy of Sciences. At the UofA, samples were heated in 
a shielded ASC thermal demagnetizer and measured with a 2G 
cryogenic magnetometer. At Borok, experiments were conducted 
using with a full-vector three or two component vibrating sam-
ple magnetometer (3D-VSM or 2D-VSM), both of which were con-
structed at Borok with integrated furnace and magnetometer, or heated in an electric furnace and measured on an Agico JR6 spin-
ner magnetometer. Specimens were heated twice in air: once in 
zero ﬁeld and then again to the same temperatures, cooled in a 
laboratory ﬁeld of 15 or 20 μT. These double heatings were carried 
out in over at least 12 steps up to 525–640 ◦C with pTRM checks 
and room-temperature susceptibility measurements performed af-
ter every second step and UofA included pTRM tail checks from 
250–350 ◦C. No systematic variations in the palaeointensity results 
were observed between the different devices.
The selection criteria used for determining palaeointensity, 
taken from the Standard Palaeointensity Deﬁnitions (Paterson et 
al., 2014), are: n ≥ 4; FRAC ≥ 0.25; β ≤ 0.1; q ≥ 1; k′ ≤ 0.48; 
MADanc ≤ 15◦; α ≤ 15◦; DRAT ≤ 15% and CDRAT ≤ 15%. These 
are modiﬁed from the SELCRIT2 criteria (Biggin et al., 2007a) with 
the DRAT criterion relaxed because, in the majority of the cases, 
the overprint takes up a signiﬁcant portion of the NRM and DRAT 
is normalized by the length of the best ﬁt line and so CDRAT 
was added to help compensate for this relaxed criteria. PTRM tail 
checks were included for the majority of the Thermal Thellier ex-
periments (excluding site Vil 22), while the Microwave used IZZI 
protocol in which MD behaviour is evident on the Arai plots as 
zig-zagging due to the alternating ZI and IZ steps (Riisager and Ri-
isager, 2001). The curvature factor (Paterson, 2011) of the best-ﬁt 
segment of the Arai–Nagata plot, k′ , has also been added to ex-
clude MD behaviour.
Wilson’s method (Wilson, 1961) was also applied to a select 
number of samples, using the 3D-VSM and 2D-VSM at the Borok 
observatory. For this technique, the curve produced by continu-
ous thermal demagnetisation of the natural remanent magnetisa-
tion (NRM) is plotted against a full thermal remagnetisation curve 
(TRM) to ﬁnd the temperature interval where the shape of the 
two curves is the most similar and used to calculate the palaeoin-
tensity. The similarity of NRM and TRM curves provides a strong 
argument in favour of the thermoremanent nature of the NRM and 
the Wilson method has an advantage of being independent of do-
main state. The samples were remagnetised in laboratory ﬁelds of 
15 or 20 μT, the temperature interval selected was from between 
150–600 ◦C and a published set of criteria for the selection of suc-
cessful palaeointensity results, based on the degree of ﬁt between 
the two curves (Muxworthy, 2010), were applied.
4.2. Palaeointensity results
Almost all microwave and thermal Thellier-type palaeointensity 
experiments produced two-slope Arai plots (Fig. 5), independent of 
the magneto-mineralogy type of the studied sample, while an ex-
ample of the results from the Wilson technique is shown in Fig. 6. 
In the majority of cases, there is no signiﬁcant change in the di-
rection between the two slopes and the low power/temperature 
component satisﬁes the 15◦ criterion used for alpha. Site V7 is the 
exception, which shows an overprint in a >90◦ direction and a 
linear Arai plot once out of the overprint (Fig. 7b). All microwave 
and Thellier results passing the selection criteria, including those 
for the low temperature slopes, are listed in Supplementary Ap-
pendix A and Wilson results with selection criteria are listed in 
Supplementary Appendix B. However, while both the low and high 
temperature slopes for the Arai plots have been shown to pass se-
lection criteria, in some cases for the same Arai plot, only the high 
temperature slopes were accepted as reliable for reasons that will 
be discussed in section 5.1.
Palaeointensity experiments were performed on 146 specimens 
from 17 sites, with 51 specimens from 9 sites producing reliable 
palaeointensity estimates, as summarised in Table 1. The paleoin-
tensity estimates range from 1.4–14.4 μT. An example of a failing 
Arai plot is illustrated by Fig. 5e; for the IZZI protocol, the Arai 
plots and Zijderveld diagrams show signs of zig-zagging indica-
L.M.A. Hawkins et al. / Earth and Planetary Science Letters 506 (2019) 134–145 139Fig. 5. Example Arai plots illustrating the two experimental protocols; top row (a, b, c) are Microwave IZZI protocol and the bottom row (d, f) are Thermal Thellier-type. The 
Arai plots also illustrate the behaviour of the three different magnetic mineralogy types; ﬁrst column (a, d) are Type 1, second column (b) is Type 2a and the third column 
(c, f) are Type 2b. There are no thermal examples of Type 2a magnetic mineralogy that passes; e) is a typical example of a failed (Microwave IZZI protocol) Arai plot showing 
zig-zagging and failed pTRM checks. All show the two-slope appearance typical for these samples. An example of an Arai plot displaying a distinct overprint, from site V7 is 
in Fig. 8b.Fig. 6. Typical example of a thermomagnetic curve for the Wilson method; – 
the thermomagnetic curves NRM(T), TRM(T) and TRM*(T) (the solid lines and the 
dashed line, respectively).
tive of MD behaviour (for the Thellier–Coe the slope is curved 
and doesn’t pass k′) and the samples alter too early in the ex-
periment, as seen by failure of the pTRM checks towards the end 
of the experiment. As all of the samples came from unoriented 
blocks, it’s not possible to check the paleodirections from the pa-leointensity experiments; however the results from the thermal 
Thellier–Coe experiments are within the temperature ranges used 
for the paleodirections. While the relationship between the power 
integral and the blocking temperature is unclear, Microwave and 
Thermal Arai plots, for the same samples, are very similar in ap-
pearance.
4.3. Pseudo-Thellier
Non-heating pseudo-Thellier experiments (Tauxe et al., 1995)
were performed to determine if the two slope nature of the Arai 
plots was due to thermal alteration during the palaeointensity ex-
periment. Samples went through stepwise AF up to 100 mT using 
the 2G cryogenic magnetometer at the UofA, before having an ARM 
applied along the Z axis using the same steps and a bias ﬁeld of 
5–10 μT. Pseudo Arai plots were made by plotting the NRM lost 
against ARM acquired and vector difference sum calculations were 
used to remove the effect of the overprints being non-convergent. 
The AF demagnetisation did not resolve the two components as 
well as the Microwave and Thermal methods so, when calculat-
ing the ratio of the two slopes, only the points close to the start 
and end of the experiment were used. When compared to speci-
mens from the same site, the Arai and Pseudo-Arai plots are very 
similar in shape (Fig. 7), both with the two-slope plots and site 
V7 which is overprinted in a different direction. The similarity in 
shape between the plots suggests that thermal alteration is an un-
likely candidate for the two-slope plots.
140 L.M.A. Hawkins et al. / Earth and Planetary Science Letters 506 (2019) 134–145Fig. 7. Examples of Microwave IZZI protocol Arai plots (top row; a, b) and example “Arai” plots from the Pseudo-Thellier method (bottom row; c, d) from the same sites 
to compare with. The Arai plots represent different magnetic mineralogy types; the ﬁrst column (a, c) are type 1 and the second column (b, d) are type 2a. There is no 
example for type 2b as none of the pseudo-Thellier plots had microwave or thermal plot with the same palaeodirectional behaviour to compare too. The ratio of slopes for 
both the Microwave and Pseudo-Thellier plots are given to illustrate the similarity in shape between the two methods, suggesting that the shape of the plots is not related 
to alteration due to heating during the Microwave and thermal paleointensity experiments.5. Discussion
5.1. Possible causes of two-slope behaviour
The most commonly accepted causes of two-slope Arai plots 
that appear to be from a single paleodirectional component are 
a) multi-domain (MD) behaviour leading to a curved Arai plot 
(Dunlop and Özdemir, 2001) and b) that the second slope is pro-
duced by alteration of the magnetic mineralogy during the experi-
ment due to heating (Kissel and Laj, 2004). Recent work by Shaar 
and Tauxe (2015) has shown that “aging” samples can also produce 
curved Arai plots due to an instability of thermoremanence, at-
tributed to irreversible changes in the micromagnetic structures of 
non-SD grains. Another possibility is that the specimen is record-
ing an overprint several times stronger than the ChRM, with an 
indistinguishable ﬁeld direction. The correct interpretation of these 
Arai plots is vital because incorrectly selecting either the high or 
low temperature components on the curve will produce an over-
or underestimate of the paleoﬁeld strength.
Laboratory-induced alteration seems to the least likely of the 
explanations for several reasons. The ﬁrst is that the accepted re-
sults all include a suﬃcient number of positive pTRM checks, pass-
ing both DRAT and CDRAT selection criteria, suggesting no signiﬁ-
cant alteration has occurred. Furthermore, the two-slope behaviour 
is observed, and gives similar results from, all magnetic mineralogy 
types. This includes the type 1 samples that contain nearly pure magnetite and do not show any signs of alteration during heat-
ing during the rock magnetic experiments (Fig. 3a, b). Finally, the 
Pseudo-Thellier results also produce two slope Arai plots despite 
the samples not undergoing any heating.
It’s also seems unlikely that MD behaviour or “aging” of the 
thermoremanence caused the two-slope behaviour exhibited by 
these samples. Both multi-domain behaviour and samples strongly 
affected by aging, based on the results from the Shaar and Tauxe
(2015), tend to produce zig-zagging of the Arai and/or Zijderveld 
plots when IZZI protocol is used. IZZI was used for most of the 
experiments in this study and those that exhibited this behaviour 
(see Fig. 5e) were not included, while results from the Coe protocol 
are shown to give consistent results and/or have pTRM tail checks. 
Furthermore, both also cause curvature of the Arai plot and all of 
the selected components had to pass k′ selection criteria, which 
checks for the curvature of the selected component.
The apparent remaining option is that the two slopes are 
caused by an overprint of thermal or (thermo-)viscous origin, ac-
quired in a ﬁeld of similar direction but greater ﬁeld strength. 
The similarity in direction suggests that the overprint could have 
been acquired soon after the traps were emplaced. However, while 
the spline ﬁt for the APW path for Siberia (Torsvik et al., 2012)
suggests that north–south motion was relatively small during the 
Early Carboniferous (≤4 cm/yr), this is based on very few data 
points (there is a data gap of >70 Ma either side of the 360 Ma 
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pole). The APW curve of Siberia, and later Baltica at ∼250 Ma, 
doesn’t appear to go back to this latitude in the subsequent 
360 Ma, although it is possible that a thermal overprint could have 
been acquired during a period when local ﬁeld directions deviated 
from the average global ﬁeld.
As for a (thermos-)viscous overprint, Kravchinsky et al. (2002)
reported a low temperature component (LTC), present up to 300 ◦C, 
across all of the 360 Ma pole sites (including the kimberlite pipes) 
and in line with the regional geomagnetic ﬁeld. This apparent 
present day overprint was reported as being signiﬁcantly differ-
ent from the high temperature component (HTC). However, all but 
one of the sites reported were reversed, while all the sites pre-
sented in this study are normal apart from V7, which shows the 
overprint. The LTC site means from the Orlov and Shatsillo sites, 
agree with the site means from the Kravchinsky et al. (2002) pa-
per (see Supplementary Appendix C), suggesting that they carry 
the same overprint. We note that although the palaeointensity val-
ues associated with the LTC of 15.1–51.9 μT (21–71 ZAm2) are 
comfortably within the range of the ﬁeld observed for Eastern Asia 
for the past 6000 yr (Cai et al., 2017), the likely non-thermal origin 
of this component precludes a reliable palaeointensity.
Further evidence of a viscous overprint comes from Fig. 8, 
which shows the apparent direction of the acquired pTRMs for 
two examples where both the low and high temperature slopes 
pass for the same measurement (observed in type 1 samples only). 
In both the Microwave and Thermal cases, the LTC pTRM direc-
tions are deﬂected from the applied ﬁeld direction, converging 
towards the applied ﬁeld direction with increasing power/tempera-
ture steps, while the HTC pTRMs match the applied ﬁeld direction. 
However, sequential Microwave pTRMs appear to differ by a high 
angle, sometimes >90◦ , while sequential Thermal pTRM’s differ by 
a much smaller angle. This deﬂection does not appear to be the re-
sult of magnetic anisotropy as the direction is not consistent.
Instead, this behaviour appears to be due to pTRM tails. Typi-
cally, pTRM tails manifest as curved Arai plots or failed pTRM tail 
checks in Thellier-type experiments using the Coe protocol and zig-
zagging Arai and/or Zijderveld plots for those using IZZI. Curved or 
zig-zagging Arai plots and failed pTRM tail checks are due to an 
overall difference in the intensity between the Z and I steps. How-
ever, where zig-zagging occurs in the Zijderveld plot, but not the 
Arai plot, this is because the overall intensity of the pTRMs ac-
quired and removed are equal but the vector components (x, y, z) 
of this gain/loss are not the same. If the applied ﬁeld is quasi-
perpendicular to the NRM, as recommended (Biggin et al., 2007b), 
and excessive unblocking occurs in the dominant component of 
the applied ﬁeld direction (e.g. for an applied ﬁeld with an inclina-
tion of ±90◦ , the z component is dominant), if this is not entirely 
removed by the Z step then this deﬂects the NRM direction e.g. 
causing Zijderveld zig-zagging.
Similar behaviour appears to deﬂect the pTRM directions, ex-
cept that the excess unblocking occurs in a non-dominant compo-
nent. For example, the applied ﬁeld for V92-1D (Fig. 8a, b) had an 
inclination of 0◦ but the pTRMs acquired had a signiﬁcant z com-
ponent. Experiments to estimate the domain structure of the sam-
ples conﬁrm some non-ideal behaviour in the LTC (a small pTRM 
tail formed at <400 ◦C) for Vil 354 (Supplementary Appendix D; 
comparable to Vil 352 in Fig. 8e–h) but SD behaviour in the HTC 
(no pTRM tail). Apart from plotting the apparent pTRM directions, 
which is not commonly done, this behaviour may be distinguish-
able from Υ (the angular distance between applied ﬁeld and pTRM 
directions; Paterson et al., 2014). In the majority of cases, Υ is 
high for the LTC s (5◦) and low for the HTC (≤5◦) but this is not 
always the case (see Supplementary Appendix A; site V5 for an 
example where this is true and site Vil 13 for a case where there 
is a LTC with a low Υ and a HTC with a high Υ ).
142 L.M.A. Hawkins et al. / Earth and Planetary Science Letters 506 (2019) 134–145Fig. 8. Examples of two-slope Arai plots, where both slopes pass selection criteria, with stereoplots showing the NRM direction of the sample and apparent pTRM directions. 
The samples both have Type 1 mineralogy, the only mineralogy where both slopes from the same experiment are shown to pass. The top row is a Microwave IZZI protocol 
example showing; a, b) the low temperature slope and c, d) high temperature slope. The bottom row is a Thermal Thellier–Coe example showing; e, f) the low temperature 
slope and g, h) high temperature slope. While the NRM directions do not vary signiﬁcantly across the two slopes, the pTRM checks for the low temperature slope are 
deﬂected from the applied ﬁeld direction; in both cases they tend toward the applied ﬁeld direction with increasing power/temperature steps. The deﬂection of the pTRM’s is 
not in a consistent direction, which excludes magnetic anisotropy as the cause, leaving pTRM tails as a likely explanation. For the Microwave experiment, sequential pTRM’s 
look to differ by a high angle, sometimes >90◦ , while sequential Thermal pTRM’s differ by a much smaller angle. This could be due to the different protocols, with the 
high angle caused because of the alternating ZI and IZ steps used during the Microwave experiments. This deﬂection of the pTRM directions is representative of all of the 
low temperature pTRM behaviour observed across the different sites and magnetic mineralogy types, which is why all of the LTC’s have been excluded even if they passed 
selection criteria.5.2. Reliability of the paleointensity results
To evaluate the reliability of the sites, Q P I criteria (Biggin and 
Paterson, 2014) were applied to the 9 sites that passed selection 
criteria. All the sites meet the AGE criterion due to the isotopic 
age dating, in agreement with the stratigraphy, and paleodirections 
consistent with APW. Only one of the sites meets the STAT crite-
rion, some most likely failing because of the low site means. TRM 
has been awarded to all of the sites with Type 1 mineralogy as 
the SEM results show primary igneous textures with no evidence 
of maghematisation and to site Vil 13 because the different min-
eralogy’s give consistent results. All of the sites pass ALT because 
the experiments use pTRM checks and pass DRAT and CDRAT. All 
sites, apart from Vil 22, pass MD by using a combination of one 
or more of the following; IZZI protocol without zig-zagging in the 
Arai or the Zijderveld plots (Microwave experiments), pTRM tails 
with DRATtail ≤10% (Thermal Thellier–Coe experiments) or use a 
domain-state independent method (Wilson technique). All of the 
sites pass ACN; anisotropy effects have been ruled out because the 
pTRM deﬂection at low temperatures/powers is inconsistent and 
the Υ values for the HTC are low (see Supplementary Appendix 
A), low ﬁeld values were applied (≤20 μT) to negate the non-
linear TRM effects and the magnetic grains appear PSD in size so 
cooling rate effects should be negligible (Biggin et al., 2013). Four 
out of the nine sites met TECH by using more than one palaeoin-
tensity technique, all the sites fail LITH as they sample a single 
lithology and all of the sites pass MAG because the measurement 
data has been made publically available (Supplementary Appendix E). Based on the current criteria deﬁnitions, all of the sites score 
highly (5–7), suggesting that the data is reliable.
The site mean paleointensities range from 2.4–14 μT, giving 
VDM values of 4.3–23.3 ZAm2; the locality mean ﬁeld strength 
is 6.9 μT or 10.9 ZAm2. Fig. 9 shows the results from this study, 
along with the other recent Siberian results from Minusa and 
Kola (Shcherbakova et al., 2017) and the Devonian–Carboniferous 
results from the 2015 PINT database (Biggin et al., 2009) and 
the World Paleointensity Database (wwwbrk.adm .yar.ru /palmag /
database _e .html). The Viluy results are in close agreement with 
those from Minusa (site mean for the most reliable, green and 
yellow sites is 30.7 ZAm2) and even closer agreement with Kola 
(site mean of 10.5 ZAm2), which potentially overlaps in age 
with the Viluy samples (Viluy samples are age dated to between 
363–378 Ma, Kola to between 371–387 Ma). The Viluy results 
are also in close agreement with most of the other Devonian–
Carboniferous sites, despite their questionable reliability; many of 
the site results come exclusively from non-Thellier methods and 
all were taken before modern selection criteria were in place e.g. 
in many cases the experiments do not have any of the standard 
checks for alteration (pTRM checks) or MD behaviour (pTRM tails 
checks/IZZI protocol). The combination of all of these results gives 
strength to the argument that the Devonian ﬁeld was signiﬁcantly 
weaker than the average Phanerozoic geomagnetic ﬁeld; between 
42 ZAm2 (Tauxe et al., 2013) and 50 ZAm2 (Biggin et al., 2015).
However, these average ﬁeld strengths are signiﬁcantly weaker 
than the expected dipole based on the past few million years 
(Cromwell et al., 2015) and there are several possibilities for why 
these results could underestimate ﬁeld strength that may not fully 
L.M.A. Hawkins et al. / Earth and Planetary Science Letters 506 (2019) 134–145 143Fig. 9. V(A)DM values for the Devonian–Carboniferous sites (black circles; ﬁlled have 
n ≥ 3 and std. dev ≤25%) from the PINT15 database (Biggin et al., 2009) and the 
World Paleointensity Database (wwwbrk.adm .yar.ru /palmag /database _e .html), with 
recently published data from Minusa and Kola (green crosses) and Viluy data pub-
lished here (red squares). The blue line represents the average reversal frequency 
binned per 10 million yr (unbroken line represents the schematic Canning Basin 
from the GTS2016 update, which is likely to be an underestimate, and the dashed 
blue lines are for the d) minimum and e) maximum possible reversal frequency 
from Hansma et al., 2015). The dashed grey lines represent average ﬁeld strength 
for a) the present day and the Phanerozoic average ﬁeld strength from b) Biggin et 
al. (2015) and c) Tauxe et al. (2013).
be evaluated by the Q P I criteria; a) not averaging the global ﬁeld, 
b) thermo-chemical remanent magnetisation (TCRM) and c) non-
SD behaviour. As discussed in Section 2, while it is not entirely 
clear if the Emyaksinsk Formation (the Vil sites) covers paleosec-
ular variation, and the majority of the results do come from this 
section (6 out of the 9 sites), the combination of the sites should 
reasonably cover palaeosecular variation (k = 25.4 and V7 is re-
versed compared to the other sites) and the average of the Vil 
sites is only slightly weaker than the average for the V sites (10.3 
ZAm2 instead of 11.6 ZAm2). Non-dipolar ﬁeld behaviour or APW 
between sites would also affect the interpretation of the results 
but there is little evidence of these from the age dating and pale-
odirections.
TCRM acquisition is generally considered to be less eﬃcient 
than TRM acquisition but can produce linear slopes, meaning any 
palaeointensity results could pass selection criteria but are likely 
to underestimate the past ﬁeld strength (Fabian, 2009). There are 
two forms of TCRM acquisition that could affect these samples, 
either low or high temperature oxidation (e.g. maghematisation 
and oxyexsolution respectively). The best indication of the possi-
ble effects of maghematisation comes from Vil 13, which includes 
samples of all three magnetic mineralogy types. The samples all 
gave very consistent results, with the site just missing out on STAT 
(probably because of the low site mean <5 μT), suggesting that the maghematisation has not had a signiﬁcant impact on the pale-
ointensity estimates. For this reason, the sites have been included, 
though they are less reliable (illustrated by the failed TRM crite-
rion). By removing all of the Type 2 samples, the overall mean re-
mains relatively unchanged (10.1 ZAm2 instead of 10.8 ZAm2) but 
the standard deviation reduces (3.3 ZAm2 instead of 6.0 ZAm2). 
However, it is unclear whether this is due to the effects of the 
mineralogy or if the inclusion of the Type 2 sites produces a better 
sampling of the paleosecular variation. As for oxyexsolution, while 
it is been observed in these samples and it has been suggested as a 
possible cause of low ﬁeld estimates (Smirnov and Tarduno, 2005), 
it is generally accepted that oxyexsolution occurs at temperatures 
not much lower than 600 ◦C (Dunlop and Özdemir, 1997) and the 
HTC starts unblocking at a much lower temperature than in the 
Smirnov and Tarduno study, so any TCRM from oxyexsolution is 
unlikely to be a signiﬁcant part of the ChRM.
Non-SD behaviour of the remanence carriers has also been sug-
gested as a possible reason for why the Phanerozoic ﬁeld appears 
weaker than expected; either due to MD behaviour causing Arai 
plot curvature (Smirnov et al., 2017) or due to the instability of 
the thermoremanence over time (Shaar and Tauxe, 2015). How-
ever, it is not uncommon for samples older than these to have the 
ChRM from two-slope Arai plots accepted, even if the overprint di-
rection are indistinguishable, while the low temperature slope is 
dismissed as being carried by MD to large PSD grains (Kulakov et 
al., 2013). Section 5.1 outlines the evidence for non-SD behaviour 
affecting the LTC, but not the HTC. While it is still possible that 
non-SD behaviour, if present, may be exaggerating the curvature of 
the Arai plot, the (thermo-)viscous overprint is clearly causing the 
two-slope appearance. Also, apart from the large titanomaghemite 
grains of the type 2b samples (only 20% of the accepted results), 
all of the magnetic recorders appear to be on the smaller size of 
PSD, which has been shown to magnetically stable for billions of 
years (Almeida et al., 2014).
5.3. Implications of a weak Devonian ﬁeld
As discussed in section 1, results from models suggest that 
when the dipole moment is small, an increase in the reversal 
frequency and the non-dipolar components of the ﬁeld are ex-
pected. This agrees with the most recent estimates in reversal 
frequency for the Upper Devonian of ∼2–5 Myr−1 by Hansma et 
al. (2015) based on the Oscar Range stratigraphy (see the mini-
mum and maximum reversal frequencies represented by the blue 
dashed lines in Fig. 9). This is especially true if this is, as suggested 
by the authors, potentially an underestimate due to under sam-
pling. There is not much evidence to support this from the Viluy 
HTC directions, although the “strange” directions (e.g. previously 
unpublished V sites) could be suggestive of non-GAD behaviour. 
However, other Devonian age Siberian sites, including the Minusa 
sites (Shcherbakova et al., 2017), the Zharovsk complex (Shatsillo 
et al., 2014) and Appainskaya Suite (Konstantinov et al., 2016) all 
indicate a range of ChRM components that could relate to an in-
crease in the non-dipolar component.
The low ﬁeld values, and potentially high reversal frequency/
larger multi-polar component, may suggest that convection in the 
outer core was more vigorous during this period (Olson, 2007), 
probably caused by an increase in the total heat ﬂow across the 
core–mantle boundary (CMB) or changes in its pattern (Olson and 
Amit, 2014). Variation in heat ﬂow across the CMB is driven by 
changes in the structure of the deep mantle (relative to the core) 
due to plumes, slabs, distribution of deep basal piles and True 
Polar Wander (TPW; Biggin et al., 2012). Due to the limitations 
of plate reconstructions for the Devonian, it is diﬃcult to deter-
mine the inﬂuence of these different components, especially the 
degree and inﬂuence of subduction and TPW. The easiest to es-
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emplaced after this time although this will be negatively affected 
by preservation bias. There may have been an increase in the 
number of LIP’s emplaced approximately ∼50 Myr after the Viluy 
LIP (Biggin et al., 2012), which could reﬂect the time it takes a 
plume to rise through the mantle. The Viluy LIP has also been 
suggested as one of the causes of the Frasnian–Famemnian extinc-
tion event (Kravchinsky et al., 2002) but we note the suggestion 
of Shcherbakova et al. (2017) that a sustained weak and nondipo-
lar ﬁeld in the mid-Palaeozoic would cause a long-term reduction 
in the effective shielding of the magnetosphere, potentially also 
affecting the biosphere. The veracity of claimed links between ge-
omagnetic ﬁeld behaviour and deep Earth, as well as biological, 
evolution remains to be elucidated.
6. Conclusions
New data from the Upper Devonian Viluy LIP show the ﬁeld to 
be signiﬁcantly weaker than the average Phanerozoic ﬁeld, in close 
agreement with recent, Lower Devonian results from the Minusa 
Basin, Siberia and the Kola Peninsula. The weak ﬁeld values, along 
with moderate to high reversal frequencies and a potentially sig-
niﬁcant multipolar component, suggest convection in the core was 
more vigorous during the Devonian, which may relate to increased 
heat ﬂow across the CMB due to a high level of LIP producing 
plume activity at this time. This ﬁeld behaviour preceding the PCRS 
is also similar to that prior to the two other Superchrons during 
the Phanerozoic, implying this sharp transition in behaviour may 
relate to the initiation of the Superchron.
This study also shows that variable slope Arai plots can be con-
sidered for paleointensity with appropriate stipulations; the nature 
of both slopes needs to be conﬁrmed and caution should be taken 
as not all non-SD behaviour is apparent from conventional paleoin-
tensity selection criteria. Generally this type of pTRM tails results 
in a high Υ , while the component unaffected by tails has a low Υ
value; however, this is not evident in all of the cases so there is an 
argument for plotting the apparent pTRM directions.
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